Defective autophagy contributes to the pathogenesis of inflammatory disorders such as inflammatory bowel disease and there are interactions between autophagy and inflammation. Here we have analysed the effects of autophagy stimulators on murine colitis.
Introduction
Inflammatory bowel disease (IBD) is a relapsing chronic disorder of the gastrointestinal tract characterized by disruption of epithelial barrier function and chronic inflammation of the mucosa (Maloy and Powrie, 2011) . Current pharmacological treatment, rather than providing a cure, is limited to increasing the duration of clinical remission periods and slowing down the destructive and progressive course of the disease. This has emphasized the need for a better understanding of the etiology and pathogenesis of IBD. Recent genome-wide association studies have revealed that polymorphisms in genes regulating autophagy constitute risk factors for IBD. (Fritz et al., 2011; Khor et al., 2011; Lees et al., 2011; Hooper et al., 2017) .
Autophagy is an intracellular degradation pathway that regulates the turnover of cellular proteins and organelles and plays an essential role in cellular homeostasis. It is also induced in stress situations such as starvation, hypoxia and reticular stress that results in accumulation of damaged cytosolic components (Klionsky et al., 2016) . This process starts with the formation of the phagophore which engulfs a portion of the cytoplasm that contains the cargo to be degraded and closes off to form the autophagosome which is fused with the lysosomes and cargo, and it is degraded by the lysosomal hydrolases. In the intestine, autophagy has been reported to mediate critical functions in innate and adaptive immunity, such as antigen presentation by dendritic cells, cytokine secretion by macrophages and antimicrobial peptide secretion by Paneth cells (Baxt and Xavier, 2015) . In the last few years, evidence has emerged for crosstalk between autophagy and inflammation (Crisan et al., 2011; Nakahira et al., 2011; Lapaquette et al., 2015; Netea-Maier et al., 2016) . Autophagy modulates the inflammatory response through several mechanisms, including the selective degradation of both pro-inflammatory complexes, such as the NF-κB essential modulator complex (NEMO) or BCL10 (Shibata et al., 2012; Chang et al., 2013) or inflammasome stimuli, such as mitochondrial ROS or mitochondrial DNA (Saitoh et al., 2008; Nakahira et al., 2011) . On the other hand, autophagy is induced during inflammation by the activation of toll-like receptors and NOD-like receptors, by damageassociated molecular patterns and by several proinflammatory cytokines with the main aim of controlling infection as part of the host response to microbial invasion. However, high levels of these cytokines or ROS, generated in response to damage, can actually disrupt the signalling needed to control autophagy (Dodson et al., 2013) .
We have recently demonstrated that autophagic flux is impaired in the damaged mucosa of IBD patients, compared with non-damaged mucosa which suggests that, in addition to genetic components, inflammation is regulating this process (Ortiz-Masia et al., 2014) . We aim to analyse here the role that stimulation of mucosal autophagy plays in 2,4,6-trinitrobenzenesulfonic acid (TNBS)-induced colitis and the mechanisms involved in the regulation of this process. We have used rapamycin, an mTOR-dependent stimulator of autophagy (Ravikumar et al., 2004) and trehalose, an mTOR-independent activator of autophagy (Sarkar et al., 2007) . In addition, we have also analysed the effects of betanin, a natural pigment that belongs to the betalain group of highly bioavailable antioxidants which has recently been shown to attenuate oxidative stress (Tan et al., 2015) and to modulate autophagy in human breast cancer lines (Nowacki et al., 2015) . Our results show that, in mice, activation of mucosal autophagy ameliorates colitis through the inhibition of inflammation.
Methods

Animals
All animal care and experimental protocols were approved by the institutional animal care and use committees of the University of Valencia and in compliance with the European Animal Research Laws (European Communities Council Directives 2010/63/EU, 90/219/EEC, Regulation (EC) No. 1946 No. /2003 and Generalitat Valenciana (articulo 31, real Decreto 53/2013). Animal studies are reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015) . Male and females Balb/cJ mice (9-12 weeks old, 20-25 g weight, Jackson Labs.) were housed in stainless steel cages in a room kept at 22 ± 1°C with a 12 h light, 12 h dark cycle and had free access to food and water. Care conditions were adapted to facilitate access of the animals to food and water ad libitum during the experiments.
Induction of colitis and pharmacological treatment
Colitis was induced in Balb/cJ mice with intrarectal administration of 100 μL of TNBS (3.5 mg·20 g À1 Sigma Aldrich, Madrid, Spain) dissolved in 40% aqueous ethanol. TNBS-induced colitis represents a standardized model that closely resembles the histopathological lesions that develop in Crohn's disease in humans (Antoniou et al., 2016) . Mice
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were anaesthetised (isoflurane 2%) and a 16G catheter introduced 3 cm from the anus, as previously described (Cosin-Roger et al., 2016 
Histological studies
Histological analysis was performed on colon samples fixed and embedded in paraffin, sectioned (5 μm) and stained with haematoxylin. Histological damage was measured on a scale 0 to 10 taking into account the degree of inflammation, the presence of erosion, ulceration or necrosis and the depth and surface extension of lesions, as previously described (Ameho et al., 1997) .
Immunohistochemistry
The colon tissue was fixed, embedded in paraffin, and sectioned (5 μm) as previously described (Hernandez et al., 2009) . After deparaffinization and rehydration, paraffin sections were rinsed in TBS-T (composition; 20 mM Tris HCl pH 7.2, 150 mM NaCl and 0.1% Tween 20) and incubated at 95°C for 20 min in citrate buffer (pH 6) for antigen demasking. Then, sections were treated for 15 min with 3% H 2 O 2 in H 2 O miliQ to quench endogenous peroxidase and washed in TBS-T. After blocking with 5% normal goat serum, sections were incubated with rabbit p62 (SQSTMI) primary antibody (1:1000; PM045; MBL, International Corporation, Madrid, Spain) overnight at 4°C in a humidified chamber. Stained sections were then washed in TBS-T, incubated with HRP-conjugated goat-α-rabbit secondary antibody (1:200; 31 460; Thermo Scientific, Rockford, IL) for 1 h at room temperature and were rinsed in TBS-T. Positive cells were visualized by treatment with diaminobenzidine (DAB; Sigma Chemical Co, Madrid, Spain). Samples were counterstained with haematoxylin, and the specificity of the immunostaining was confirmed by the absence of signal when primary antibodies were omitted. Images were obtained using a light microscope (1X81 Olympus) and cellR software v2.8.
Protein extraction and Western blots
Equal amounts of protein from colonic tissues were loaded onto SDS-PAGE gels (Zhang et al., 2015) . After electrophoresis and transference, membranes were blocked with 5% non-fat dry milk in TBS-T or BSA (for phosphorylated antibodies) and incubated overnight at 4°C with different primary antibodies (Table 1) . Subsequently, membranes were incubated with a secondary antibody anti-mouse IgG (Thermo Scientific, Rockford, IL, 1: 2500) or anti-rabbit IgG (Thermo Scientific, 1: 5000). Protein bands were detected by LAS-300 (Fujifilm, Barcelona, Spain) after treatment with SuperSignal West Pico Chemiluminescent substrate (Thermo Scientific) and quantified by means of densitometry with the software Image Gauge Version 4.0 (Fujifilm). Results were normalized to β-actin for total and cytoplasm proteins or nucleolin for nuclear proteins to control for unwanted sources of variation (Impellizzeri et al., 2015) .
RNA extraction and qPCR analysis
RNA extraction was performed using Tripure Isolation reagent (Roche, Barcelona, Spain). Briefly, tissues were homogenized by Ultraturrax and RNA was separated with Clorophorm, precipitated with isopropanol, washed with ethanol 70% and re-suspended in water. RNA of the cells was isolated with the extraction kit (Illustra RNAspin Mini, GE HealthCare Life Science, Barcelona, Spain). After quantification with Nanodrop, 1 μg of RNA was used in order to perform the RT-PCR with the Prime Script RT reagent Kit (Takara Biothecnology, Dalian, China). Quantitative PCR was performed with the Prime Script Reagent Kit Perfect Real Time (Takara Biotechnology, Saint-Germain-en-Laye, France) in a thermo cycler Light Cycler (Roche Diagnostics, Mannheim, Germany). To control for unwanted sources of variation, results were expressed as fold increase calculated according as: change in expression (fold) = 2 ÀΔ(ΔCT) where ΔCT = CT (target) À CT (housekeeping), and Δ(ΔCT) = ΔCT (treated) À ΔCT (control). β-actin was used as the housekeeping gene (Ortiz-Masia et al., 2012) . Specific primers were designed according to the sequences present in Table 2 .
Data and statistical analysis
The data and statistical analysis, which were evaluated by a person blinded to the experimental conditions, comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2015) . Data were expressed as mean ± SEM and group means were compared by one way-ANOVA (in all cases, F achieved P < 0.05 and there was no significant variance inhomogeneity) with a Newman-Keuls post hoc correction for multiple comparisons or a t-test when appropriate (Graph-Pad Sotware 6.0). A P value <0.05 was considered to be statistically significant. For the analysis of the body weight changes during the entire experimental period we used two-way ANOVA followed by Newman-Keuls multiple comparison test, setting as variables the treatment and the time.
Results
Autophagy is impaired in colon tissue of TNBS-treated mice
We used an experimental mouse model of IBD, based on the intrarectal administration of TNBS. Administration of this sensitizing agent to mice induced a loss of body weight, an increase in the histological damage score and a decrease in colon length that peaked 2 days after treatment. Subsequently, mice began to recover and, at 4 days after TNBS, the body weight had returned to normal, i.e., that shown before TNBS administration ( Figure 1A ). The recovery of mucosal integrity was slower and 4 days after TNBS, the histological damage score was still higher than that observed in vehicle-treated animals ( Figure 1B) . Analysis of protein levels of autophagic markers in the colon tissue of TNBStreated mice revealed lower levels of LC3II (the microtubuleassociated protein 1A/1B-light chain 3 that is recruited to autophagosomal membranes) and increased levels of p62 (an autophagosome cargo protein that targets other proteins that bind to it for selective autophagy), compared with those observed in the colon tissue of vehicle-treated mice, 2 or 4 days after TNBS ( Figure 1C-E) . These changes were observed in parallel with high levels of phosphorylated mTOR (p-mTOR), the main negative regulator of autophagy, 2 days after TNBS ( Figure 1C ) thus showing impaired autophagy in colon tissue of TNBS-treated mice. This observation was reinforced by immuhistochemical studies performed in colon tissue that revealed increased immunostaining for p62 in the mucosa of TNBS-treated mice compared with vehicle. As shown in Figure 1F , p62 expression was mainly located in epithelial cells at the apical side of the gland and infiltrated cells in the lamina propria.
Trehalose, rapamycin and betanin increase autophagy in murine colon tissue and ameliorate colitis
Administration of trehalose, rapamycin or betanin to TNBStreated mice significantly prevented the loss of body weight detected on day 2 and significantly reduced the histological damage score, 2 and 4 days after TNBS administration ( Figure 1A, B) . In all cases, the colon of TNBS-treated mice that had been treated with these drugs exhibited a significant diminution in p62 protein levels, as analysed by both Western blot ( Figure 1C -E) and immunohistochemistry ( Figure 1F ). Furthermore, a significant increase in LC3II expression was observed, 2 and 4 days after TNBS compared with levels detected in vehicle-TNBS-treated mice, which suggest that trehalose, rapamycin and betanin prevented the impaired autophagy induced by TNBS in the colon. In vehicle-treated mice, these treatments did not significantly modify the body weight and histological score but treatment with rapamycin or trehalose induced a slight decrease of p62 protein levels and increased LC3II protein levels, suggesting a stimulatory effect on basal autophagy ( Figure 1D , E).
Stimulators of autophagy decrease the expression of pro-inflammatory cytokines and M1 markers in colon tissue of TNBS-treated mice
Real time PCR demonstrated that local mRNA levels of M1 macrophage-associated markers (CD11c, CD86, CCR7) and 
Figure 1
Betanin, rapamycin and trehalose stimulates mucosal autophagy and amilorates TNBS-induced colitis. Mice were treated intrarectally with TNBS (3.5 mg·20 g À1 ) or vehicle and were killed 2 or 4 days after treatment. Groups of mice received a single administration of betanin (1 g·kg À1 , i.p.,)
or rapamycin (1.25 mg·kg À1 , i.p), from the day of TNBS administration until the end of the experiment. Another group received trehalose (3% in drinking water), for 3 weeks before TNBS administration until the end of the experiment. pro-inflammatory cytokines (TNFα, COX-2, IL-1β, inducible NOS and IL-6) were significantly higher in the colon tissue of TNBS-treated mice than those observed in the colon tissue of vehicle-treated mice, 2 and 4 days after treatment (Figure 2) . Some of these genes (CCR7, CD11c, CD86, COX-2 and IL6) peaked 2 days after TNBS and treatment with betanin significantly reduced their expression. Four days after TNBS, the expression of all these genes was significantly attenuated in mice that had received trehalose, rapamycin or betanin while the expression of the anti-inflammatory cytokine IL-10 was significantly increased. These treatments did not significantly modify levels of these genes in vehicletreated mice.
Stimulators of autophagy decrease NF-κB signalling in the colon of TNBS-treated mice
To understand how autophagy stimulators modulate intestinal inflammation, we analysed the NF-κB signalling pathway in the mucosa. Increased mucosal protein levels of cytosolic BCL10 (a pro-inflammatory complex), p-IκBα and nuclear NF-κB were detected in TNBS-treated mice, compared with vehicle-treated mice, 2 and 4 days after treatment ( Figure 3 ). In TNBS-treated mice that received betanin, rapamycin or trehalose, protein levels of cytosolic BCL10 and p-IκBα and nuclear NF-κB were significantly lower than those detected in vehicle-TNBS-treated mice. These drugs did not significantly modify protein levels of BCL10, p-IκBα and NF-κB in vehicle-treated mice (Figure 3 ).
Stimulation of mucosal autophagy mediates the protective effects of betanin on colitis
To demonstrate that activation of autophagy is involved in the protective effects of betanin in our model of colitis, we treated mice with 3MA, an inhibitor of the formation of autophagosomes. The protective effects induced by betanin in terms of the loss of body weight ( Figure 4A ) and histological damage score ( Figure 4B ), 2 days after TNBS, were significantly blocked by treatment with 3MA suggesting that autophagy mediates the protective effects of betanin. In mice receiving only TNBS, the administration of 3MA did not significantly modify the loss of body weight and histological damage score 2 days after TNBS ( Figure 4A, B) . Of interest, the administration of 3MA to TNBS-treated mice prevented the reduction in p-mTOR, p62, BCL10, p-IκBα and NF-κB protein levels induced by betanin ( Figure 4C ) 2 days after TNBS, suggesting that the blockade of autophagy prevented the anti-inflammatory effects induced by betanin. No significant changes in the body weight of mice receiving the different treatments were detected 4 days after TNBS administration ( Figure 4D ). At this time, both vehicle-or betanin-treated
Figure 2
Betanin, rapamycin and trehalose decrease the expression of pro-inflammatory cytokines and M1 markers in colon tissue of TNBS-treated mice. Mice were treated with TNBS (3.5 mg·20 g À1 ) or vehicle and were killed 2 or 4 days after treatment. Groups of mice received a single administration of betanin (1 g·kg À1 , i.p.) or rapamycin (1.25 mg·kg À1 , i.p.) from the day of TNBS administration until the end of the experiment;
another group received trehalose (3% in drinking water) for 3 weeks before TNBS administration until the end of the experiment. Graphs show relative mRNA expression levels of pro-inflammatory cytokines, M1 markers and IL-10 in the colonic tissue compared with the housekeeping gene β-actin. Data shown are fold induction compared with vehicle-treated mice. Bars in graphs represent mean ± SEM of five animals per experimental group. *P < 0.05, significantly different from vehicle-treated group; # P < 0.05, significantly different from the TNBS-treated group.
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mice that had received 3MA exhibited higher protein levels of both p62 and BCL10 than those in mice that had not received 3MA ( Figure 4D ).
Discussion
There is growing evidence for defective autophagy in the pathogenesis of IBD. Our results demonstrate that pharmacological activation of mucosal autophagy ameliorates murine colitis through the inhibition of inflammation.
The TNBS model of murine colitis used in the present study is characterized by intense inflammation, disruption of epithelial cells by extensive ulcerations and marked loss of body weight. Our data reveal an impaired autophagic flux associated with phosphorylation of mTOR in the intestinal mucosa of TNBS-treated mice, extending previous observations showing a defective autophagy in the mucosa of both IBD patients and DSS-treated mice (Ortiz-Masia et al., 2014) . Of interest, systemic administration of three different compounds that share the ability to activate intestinal mucosal autophagy, accelerated the recovery of mice, as shown by the analysis of body weight and histological damage score. This protective effect was achieved with the classic mTOR inhibitor rapamycin (Ravikumar et al., 2004) , the mTOR-independent autophagic inducer, trehalose (Sarkar et al., 2007) and the natural pigment betanin which, according to our data, induced an mTOR-dependent activation of autophagy in the colonic mucosa. Although other mechanisms cannot be ruled out, these results strongly suggest that stimulation of autophagy ameliorates murine colitis which was confirmed by the loss of the protective action of betanin, when mucosal autophagic flux was blocked with 3MA. Previous studies have shown the protective effects of autophagy stimulators in neurodegenerative diseases (Sarkar, 2013) , spinal cord injury (Wang et al., 2014) and liver damage (Zhu et al., 2015) and the present study demonstrates, for the first time, a protective role for autophagy stimulation in murine colitis. Several mechanisms such as defects in mucus secretion (Tsuboi et al., 2015) or activation of the inflammmasome in myeloid cells (Lee et al., 2016) have been associated with an increased susceptibility to colitis in mice with a defective autophagy. However, little is known about the mechanisms that mediate amelioration of colitis through autophagy stimulation. The selective degradation of pro-inflammatory complexes, inflammasome structures and damaged mitochondria have all been used to explain how autophagy may prevent inflammation (Nakahira et al., 2011; Lapaquette et al., 2015; Netea-Maier et al., 2016) . Our results show, in the mucosa of TNBS-treated mice, that autophagy is impaired and associated with high protein levels of cytosolic BCL10, a pro-inflammatory complex known to regulate the constitutive activation of NFκB through canonical (phosphorylation of Iκ-Bα) and non-canonical (phosphorylation of NIK) pathways (Bonizzi and Karin, 2004; Zhou et al., 2004; Wu and Ashwell, 2008) . The high protein levels of BCL10 have been detected in parallel with a significant increase in the ratio pIκ-Bα/Iκ-Bα, demonstrating the activation of the canonical pathway of NFκB in the mucosa of TNBS-treated mice. Consistent with this, a critical role of BCL10 in NF-κB activation was reported in a murine model of inflammation induced by carrageenan (Bhattacharyya et al., 2013) . Of interest, our data show that the administration of betanin, rapamycin or
Figure 5
Diagram showing the proposed pathways activated by betanin, rapamycin and trehalose in the mucosa of TNBS-treated mice. TNBS induced an mTOR-dependent inhibition of autophagy with the consequent accumulation of the pro-inflammatory complex, BCL10, and the final activation of the canonical NFκB pathway. Stimulation of autophagy by mTOR-dependent (rapamycin or betanin) or mTOR-independent pathways (trehalose) favours BCL10 degradation.
trehalose to TNBS-treated mice induced a significant decrease in protein levels of both BCL10 and p62. Previous studies have shown degradation of BCL10 by autophagy, in a process that required the expression of p62 (Paul et al., 2012) . Accordingly, we found that inhibition of autophagosome formation with 3MA prevented the decrease in both BCL10 and p62 proteins, induced by betanin, strongly suggesting the degradation of BCL10 by autophagy. It seems likely that the reduced levels of BCL10 detected in mice treated with autophagy stimulators are responsible for the detected reduction in Iκ-Bα phosphorylation and nuclear translocation of NF-κB, although a direct degradation of NFκB p65-IκB complexes by autophagy cannot be ruled out . As a whole, our results suggest that inhibition of mucosal autophagy by TNBS was associated with BCL10 accumulation, phosphorylation of IκB and nuclear translocation of NF-κB with the consequent increase in the expression of pro-inflammatory cytokines and M1 markers. Pharmacological activation of mucosal autophagy would favour BCL10 degradation and prevent TNBS-induced inflammation ( Figure 5 ).
In conclusion, the present study shows a murine model of colitis characterized by severe intestinal damage associated with mucosal inflammation and blockade of autophagic flux. Pharmacological stimulation of mucosal autophagy attenuated inflammation by degradation of proinflammatory complexes and ameliorated murine colitis. Our results suggest that stimulators of autophagy would be of interest in the clinical management of human IBD in those patients in whom autophagy is not genetically impaired.
